The relationship between growth, in vivo extensibility, and tissue tension in the first 3 internodes of 5, 6, and 7 day-old pea plants (Pisum sativum L. cv Alaska), grown under continuous red light was investigated. The upper 15 millimeters of each internode was marked with ink and its elongation growth measured over the next subsequent 8 hours. In vivo extensibility was measured by stretching living tissue at constant force (creep test) in a custom-built extensiometer. Tissue tension was determined by (a) measuring the rate of expansion of the isolated cortical cylinder after adding water and the amount ofcontraction ofthe epidermis after peeling, and (b) by use of the 'split section test.' A good correlation between rate ofelongation growth, in vivo extensibility, and tissue tension was established. The epidermis peeled from the growing third internode of 7 day-old plants and measured immediately showed a plastic extensibility (Ep, twice that of peels from nongrowing excised sections. This high E,rvalue was lost on incubation of the sections in distilled water, and was subsequently restored by incubating the sections in auxin (indole-3-acetic acid). We conclude that the in situ growth of the internodes is a function of tissue-tension, which provides the driving force of organ growth, and the extensibility (Ep, of the outer epidermal wall, which is in the growing plant in a 'loosened' state. We furthermore suggest that in the intact plant auxin is causally involved in the wall loosening process in the epidermis.
Rapidly growing plant organs such as stems, coleoptiles, or petioles are characterized by the phenomenon of tissue tension: the outer cell layer (essentially epidermis) is under physical tension whereas the inner tissue is maintained in a state of compression (e.g. 2, 6, 7, 12-14, 19, 20, 23) .
More than a hundred years ago Sachs (19, 20) suggested that tissue tension is not only responsible for the rigidity ofherbaceous plants, but that it is also related to organ growth. He discovered that tissue tension, measured as the amount of contraction of the peripheral cell layers and expansion of the inner tissue on isolation, is high in growing regions of a plant and low in those parts where elongation growth has ceased. He therefore suggested that a plant organ can only grow as long as tissue tension is established (20) .
The first generally accepted theory on the mechanism of plant cell elongation was formulated by Heyn (8, 9) . He as the limiting factor in elongation growth, whereas turgor pressure and water uptake are generally not growth-limiting parameters (9) .
This idea, based mainly on data obtained from oat coleoptiles, is the essence of the currently prevailing theory of plant elongation growth (3-5, 18, 22) . It has been proposed that, in most plant tissues investigated, growth is controlled predominantly by the yielding properties of the cell walls, whereas the turgor pressure of the cells was regarded as the driving force of growth. This theory is only explicit for growth processes occurring in organs where no tissue tension is established, i.e. where it is the turgor of each cell and the wall properties of the same cell which determines its elongation behavior (12) .
Recently a modified model ofplant organ growth was proposed on the basis of experiments with maize coleoptile sections (12) . According to this model the decisive growth parameters are tissue tension and the extensibility of the outer epidermal wall. It was concluded that growth is a function of a wall stress increment produced by tissue tension, acting as the driving force of organ growth, and the yielding properties of the outer epidermal wall (12) .
In our previous investigation using third internode sections from red light-grown pea seedlings, which were incubated in auxin (IAA), we confirmed this modified model and provided direct evidence that the IAA-induced wall loosening process takes place exclusively in the epidermis (13 Plants of three developmental stages were selected for all experiments (Fig. 1, a- the 'split section test' was employed (14, 23) . Fifteen mm sections were cut from the corresponding internodes. One 10 mm deep incision, dividing the segment into two identical halves, was made at the upper end of the section. The split sections were incubated for 5 min on distilled water and photocopied (Fig. 5) . The bending angle, determined graphically, was used as a relative measure of the tension between outer and inner tissue at the time of splitting. Second, the expansion of the cortical cylinder in response to distilled water and the amount of contraction of the epidermis on isolation was determined (13) . Fifteen mm sections were cut from the marked internodes and the epidermis (with one layer of subepidermal cells attached) was removed by >90% in two to three strips (13) . The peeled section (cortex plus vascular tissue = cortical cylinder) was fixed between the clamps of the extensiometer (Fig. lc in Ref. 13 ) and distilled water was added ( Fig. 6 ; time between excision and adding of water <1 min). The expansion of the peeled section was recorded over the following 16 min. The initial slope during the first 2 to 3 min was determined graphically (Fig. 6 , dashed line) and regarded as a relative measure of the tension of the cortical cylinder just before peeling. The tension of the epidermis was estimated by determining how much it contracted immediately following peeling (12, 13) .
For growth experiments of isolated sections each set of 10 segments (15 mm long; Fig. 1 , a-c, insets) were incubated in Petri dishes on 10 ml medium as described (12) .
RESULTS
Growth of the First Three Internodes. Figure 1 shows the kinetics of elongation growth, measured over a period of 8 h of the first three internodes during development of 5-to 7-d-old seedlings. Five d after planting, the first internode grew at a rate of 0.50 mm/h (Fig. la) ; the rate declined after 6 h and was zero at 6 and 7 d (Fig. 1, b and c). The second internode grew with a constant rate of 0.625 mm/h at 6 d after planting (Fig. lb) ; the rate was 0.31 mm/h at 7 d and approached zero after 6 h (Fig.  ic) . The third internode grew with a constant rate of 0.9 mm/h over the whole period of time measured (Fig. lc) .
We also determined the diameter of the corresponding internodes at the beginning (0 h) and end (8 h) of the elongation growth measurements (Fig. 2 ). In the first internode a significant increase in diameter could be measured over the 8 h period at 5
Diameters of the internodes. The diameters ofthe stems were measured in the middle of the corresponding section (Fig. 1, a-c, insets) at the beginning (0 h) and end (8 h (Fig. 1, b and c) , the stems still grew in diameter by about 10% (compare 6dl and 7d1, Fig. 2 ). The same phenomenon could be detected in the second and third internode. Hence, the stems are becoming thicker both during and subsequent to elongation growth.
In Vivo Extensibility of Internodes. The in vivo extensibilities, measured immediately after cutting ofthe corresponding 15 mmsections, are shown in Fig. 3 . The growing first internode (5d1) had a high extensibility (E,0,), which was decreased when growth has ceased at 6 d after planting. A considerably smaller extensibility, reaching about half the value of the growing internode, can be measured with 7-d-old plants (7d 1). The decrease in longitudinal extensibility in the nongrowing first internode is correlated with an increase in stem diameter (cf. Fig. 2 ). Diameter growth is largely responsible for the measured stiffening of the walls since the imposed stress (force/area) is much higher in the thinner stems. A decrease in extensibility during development could also be detected in the second internode (compare 6d2 and 7d2). The highest extensibility could be measured in the rapidly growing third internode (7d3). A comparison of the plastic (Epl) and elastic (Eel) components of the total extensibility reveals that both parameters are related to the elongation growth of the corresponding section.
In our previous study (13) Figure 4 , Ep, of peels from the growing sections is nearly double that of the control. The elastic component (Eel) is only slightly changed. Four h after adding IAA to the excised sections the E,, of the epidermis increases up to the same value as in the growing, intact plant (Fig. 4, dashed lines) . We conclude from the data in Figure  4 (14, 19, 20, 23) . As shown in Figure 5 , Figure 6 . A segment was cut from the third internode of a 7-d-old plant, peeled and fixed between the clamps of the apparatus. After addition of water a rapid expansion could be measured. The rate declined steadily, but did not reach zero over the next subsequent 5 h (14) . No significant expansion could be measured by use of nonpeeled (intact) sections over the 16 min period illustrated.
The mean expansion rates of cortical cylinders from the six different internodes investigated are given in Figure 7a . The rate declines with decrease of the corresponding elongation rate in the first (5d 1, 6d1, 7d1) and second internode (6d2, 7d2); the highest expansion rate was measured with sections from the third internode (7d3). The amount of contraction of the epidermis immediately following peeling corresponds to the expansion rate of the respective cortical cylinder (Fig. 7b) . The relationships between growth rate, in vivo extensibility, and tissue tension, compiled from the data of Figures 1, 3 , 5, and 7 are shown in Figure 8 . Both in vivo extensibility (Fig. 8a) 1 , a-c, insets) and their extensibility (E-, E.,, Ep,) determined as described (13 (Fig. 1, a- (Fig. 8, b and c) are closely related to the growth rate of the corresponding internodes.
Effect of Auxin on Different Internodes. In our recent paper (13) we showed that the in situ growth rate of the third internode of 7-d-old plants could be obtained from excised sections after adding of IAA (10 AM). Furthermore, the extensibility of the in situ growing and auxin-treated internodes was very similar (13) .
Since it is known that the auxin content in pea plants is decreasing from apex to base (21) it was of interest to compare the response of sections from all three internodes to exogenously applied IAA. In first internode-sections, no growth could be induced; in the second and third internode amounts of 1.0 or 3.4 mm elongation growth, respectively, was induced by IAA (Table I ). The IAAinduced growth effect corresponds precisely to the in situ growth during the same period of time (Fig. lc, elongation after 4 h) (15) measured an age dependent decrease in plastic and elastic extensibility in rice coleoptiles. After decapitation of oat and rice seedlings a decrease in wall extensibility which was correlated to the decline in growth rate was detected (8, 15) .
In etiolated rice seedlings, Masuda et al. (15) have shown that the decreased growth of the coleoptile after red irradiation correlated with a change in the mechanical properties of the cell walls. Cosgrove and Green (5) provided evidence that the rapid blue light-induced inhibition of hypocotyl elongation ofetiolated cucumber and sunflower seedlings is induced by an immediate decrease in the yielding properties of the cell walls. The lightinduced growth response of the sporangiophore of the fungus Phycomyces was found to be related to an increase in mechanical extensibility of the wall ( 16) .
Excised sections from growing plant organs respond to exogenously applied phytohormones with an increase in growth rate (3) . Adams et al. (1) found a relationship between the gibberellic acid-induced growth response of excised Avena stem sections and the increase in wall plasticity; Kutschera and Schopfer (10, I 1) found a quantitative correlation between both parameters in sections from maize coleoptiles treated with auxin. Furthermore, the abscisic acid-induced growth inhibition was related to a decrease in wall plasticity. We have recently shown ( 13) that the auxin-induced growth of third internode sections of red light grown pea plants is closely correlated with an extensibility increase, which takes place exclusively in the epidermis.
In the present study we show that the epidermis, which limits the expansion of the inner tissue (Figs. 6 and 7) , is in a loosened state in the growing, intact plant (Fig. 4) . This loosened state is lost when excised sections are incubated in water (Fig. 4) but can be restored by subsequent auxin treatment (13) . We therefore conclude that the organ is growing in situ by selective loosening of the outer epidermal wall, as postulated for isolated sections after auxin-treatment (13) .
The linear relationship between growth rate and tissue tension (Fig. 8, b and c ( 19, 20) , tissue tension is also established in tangential direction, i.e. the epidermis contracts and the inner tissue expands also in width on isolation. Since this tangential tissue tension is hard to quantify, we have considered only the longitudinal tension in the present study.
In our previous investigation (13) we incubated intact third internode sections in distilled water lacking or containing IAA. The auxin-independent initial expansion rate of the peeled cortical cylinder under these conditions was about 35 ,um min-'. In comparison to this value, third internode sections cut from growing plants expanded after peeling and adding of water with nearly 120 ,m min-' (Figs. 6 and 7) . This difference is obviously due to the fact that the sections used in our previous study were 5d1l 20 Tissue tension ofthe internodes measured as initial expansion rate of the isolated cortical cylinder in response to distilled water (a), and amount ofcontraction ofthe isolated epidermis (b). Fifteen mm sections were cut from the plants (Fig. 1, a-c, insets) . The expansion rates were determined as shown in Figure 6 , the amounts ofcontraction as described (13) . Mean ± SE of 12 (a) and 20 (b) measurements each.
in equilibrium with water. We therefore conclude that the amount of expansion of the isolated cortical cylinder, i.e. the demand for water of the compressed inner cells, is dependent on the water potential of the environment in which the organ is growing. Also, a significant difference between the amount of contraction ofthe epidermis peeled from third internode sections incubated in water (13) and peels from the growing plants (Fig.  7) (Fig. Ic, inset) . The epidermis was removed and the remaining cortical cylinder (peeled) fixed between the clamps of the apparatus (see Fig. 1 in Ref. 13 Figure 1 , a to c, and plotted against the in vivo extensibilities of Figure  3 ; (a), the bending angles of Figure 5 (b) , and the expansion rates, i.e. contraction values of Figure 7 (c).
In summary, our data support and extend the recently postulated modified model of plant organ growth (12) , which states that growth rate is a function of a tissue tension-induced wall stress increment, which acts as the driving force oforgan growth, and the extensibility of the outer epidermal wall, which is the sturdiest cell wall of the internode (17) .
The relationship between in vivo extensibility and tissue tension is unknown. Both parameters are high in growing parts of the plant and low in those tissues where growth has ceased. Experiments with maize coleoptiles and pea internodes indicate that tissue tension is independent of elongation growth, whereas the in vivo extensibility of the tissue is closely correlated to the growth process (1 1-14) .
The questions as to whether auxin is the limiting factor in the growth process of the intact pea plant is still open. The facts, that (a) the active hormone can be extracted from all internodes ofthe plant (21), (b), the in situ growth (and extensibility) of the third internode can be quantitatively simulated by IAA using excised sections (13) , (c), the E,,-value of the epidermis of the intact, growing third internode can be quantitatively simulated by adding IAA to excised sections (Fig. 4) , and (d), the growth response of excised sections from all three internodes to IAA is similar to the length increase, which takes place in the intact plant over the same period of time ( Fig. lc; Table I ) all support the assumption that IAA is limiting in the growth process of the intact pea plant.
